Introduction
Hyaluronan [ l ] is a key component of the extracellular matrix of cartilage, functioning as the central filament of the cartilage proteoglycan aggregate. T h i s glycosaminoglycan-rich component of the matrix is organized within a specific collagen network [Z] . T h e interface zone between the chondrocytes and the matrix, the pericellular matrix, may function as a nucleating template for chondrocyte-directed matrix assembly. T h e focus of this report is the essential role of hyaluronan in matrix assembly and its interaction with its cell surface receptors on the chondrocytes, with the goal of developing the idea of the chondrocyte pericellular matrix as a model for hyaluronan-mediated cell-matrix interactions.
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Proteoglycans are retained within the extracellular matrix by their interagtions with the other matrix molecules. Aggrecan [3] , the most abundant proteoglycan in t h e cartilage, forms a large aggregate with hyaluronan which is further stabilized by the link proteins [4] . In osteoarthritis [5, 6] , proteoglycan retention is poor [7] , which brings about a decrease in cartilage function. T o understand this disease more fully, we first need to understand the assembly and maintenance of a normal cartilage matrix.
Assembly of the chondrocyte extracellular matrix probably begins with the organization of the pericellular matrix at the cell surface. The chondrocyte pericellular matrix is also a crucial zone for cartilage matrix turnover [8-111. Chon [17] ). It should also be noted that, although actively looked for, no aggrecan receptor(s) have ever been documented. Thus, CD44 remains the critical link to the retention of the proteoglycan-rich extracellular matrix to the chondrocyte cell surface. The other receptors characterized on chondrocytes are members of the integrin (e.g. xspl) and non-integrin (e.g. annexin V) families [18] [19] [20] [21] . These interact predominantly with collagens and/or fibronectin, the latter present during chondrogenesis [22, 23] and in later stages of osteoarthritis [24] .
Native and exogenous chondrocyte pericellular matrices
The visualization of pericellular matrices on living cells in culture can be facilitated by the particle exclusion assay, first developed by Clarris and Fraser [25] and used to distinguish a hyaluronan network surrounding synovial fibroblasts. A halo or 'cell coat' can be revealed which cannot be penetrated by the particles. T h e removal of this coat by Streptomyces hyaluronidase treatment demonstrates that there is a scaffold of hyaluronan within this pericellular matrix. This assay represents the most useful method of visualizing the full extent of the pericellular matrix, since conventional staining of the matrix often leads to significant collapse of this hydrated structure.
Several cell types in culture, including embryonic and adult chondrocytes, exhibit large pericellular matrices or coats extending from the plasma membrane by as much as one cell diameter. T h e integrity of the chondrocyte pericellular matrix is dependent on a scaffold of hyaluronan [ 15, 261 . Treatment of chondrocytes with Streptomyces hyaluronidase removes the pericellular matrix. We have also used hexasaccharides prepared from hyaluronan (HA,) to 'disengage' chondrocytes from their matrix [15] , thus allowing us to study the interaction of a matrix assembled in vivo with its chondrocyte [27, 28] . Embryonic chick chondrocytes retain a cellassociated matrix after direct isolation from tibial cartilage by a brief treatment with collagenase P in Dulbecco's modified Eagle's medium (DMEM) containing 20% horse serum. Intact tibiae from day 12 embryos were cultured as explants in DMEM containing 10% fetal bovine serum k HA, for 48 h. All chondrocytes released from control tibiae retained a cell-associated matrix ( Figure 1 , top left). The matrix surrounding these cells was sensitive to in ziitro Streptomyces hyaluronidase treatment and was also displaced by a 90 min incubation with HA, (Figure 1 , top right). However, when tibial explants were cultured for 48 h in the presence of HA,, and then the chondrocytes were released from the explants, the chondrocytes appeared 'matrix-free' (Figure 1 , bottom left). These chondrocytes had become 'disengaged' from the endogenous matrix yet all exhibited the capacity to assemble exogenous hyaluronan and aggrecan into a pericellular coat (Figure 1, bottom right) . Thus, disruption of native hyaluronan interaction 
CD44 expression and matrix assembly
CD44 is a ubiquitous transmembrane glycoprotein, expressed by many cell types. T h e predominant form of CD44 is the haemopoieticl standard isoform (CD44H or CD44s), which has an apparent molecular mass of 85 kDa and lacks all of the variant exons [29] . It appears that the main function of this isoform is to act as a cell surface receptor for hyaluronan [ 12, 30, 31] . Through this interaction with hyaluronan, cells that express CD44 are able to assemble a pericellular matrix around them in the presence of hyaluronan and hyaluronan-aggregating proteoglycans such as aggrecan [15, 32] . The specificity of the interaction between CD44 and hyaluronan-mediated matrix assembly was shown with the use of COS-7 cells. These cells do not normally express CD44 and lack the ability to form a hyaluronan-dependent pericellular matrix [33] . When transfected with the CD44 gene and given exogenous hyaluronan and aggrecan, the cells gained the ability to assemble a pericellular matrix.
Articular cartilage chondrocytes were cultured in an alginate bead system [34] . After 5 days in culture some of the cells in alginate beads were treated with Streptomyces hyaluronidase. T h e cells were then released from the beads and 'splatted' on to a dish by centrifugation at 600g [27] . Figure 2(a) shows that the cells that were not treated with the hyaluronidase did retain intact matrices, while Figure Z(c) shows that the hyaluronidase-treated cells appeared to have a depleted matrix. Although the chondrocyte pericellular matrix is composed predominantly of aggrecan, its structure depends on both a scaffold of hyaluronan and the anchorage of hyaluronan to the plasma membrane [15] . By flow cytometry, using the IM7.8.1 anti-CD44 antibody (Pharmigen, San Diego, CA, U.S.A.), the expression of CD44 on bovine articular chondrocytes (Figure 2b ) was shown to be similar to that on a mouse lymphocyte T-cell line Y48E (Figure 2f ). This shows the effective crossreactivity of the anti-mouse monoclonal antibody on bovine cells. Treatment of chondrocytes with Streptomyces hyaluronidase depleted the pericellular matrix but did not alter CD44 expression ( Figure 2d) ; however, trypsin treatment eliminated CD44 detection by flow cytometry (Figure Ze).
The hypothesis tested next was that the level of cell surface CD44 expression is directly related to the capacity of chondrocytes for matrix assembly. After trypsinization, re-expression of CD44 was observed by immunocytochemistry and flow cytometry (Table 1) . T h e function of CD44 was tested in parallel with CD44 epitope detection. Chondrocytes were analysed in light of our previous observations that non-viable cells, after brief fixation, retain the capacity to bind [3H]hyalur~nan [35, 36] and can serve as nucleating sites for matrix assembly in the presence of purified exogenous aggrecan plus hyaluronan [32] . T h e percentage of chondrocytes capable of assembling an exogenous matrix increased with time after trypsin treatment (Table 1 ). There The Biology of Hyaluronan was good correlation between the percentage of cells positive for CD44 by flow cytometry at a given time point and the capacity for exogenous matrix assembly (r = 0.98). A mean fluorescence intensity of only 25% of normal cell surface CD44 expression on bovine chondrocytes is necessary for the assembly of a hyaluronananchored pericellular matrix. CD44 density may be critical in regulating the amount of HA which can be bound to the cell surface of chondrocytes, thereby suggesting that a critical density of CD44 is required for proper chondrocyte matrix assembly.
Articular cartilage chondrocytes express CD44s, CD44v10 [14] and CD44 short-tail [37] . The variable expression of these isoforms might modulate CD44 function on chondrocytes. Modulation of CD44 may lead to the regulation of matrix assembly, retention and repair [9,14] and also to the regulation of the turnover of CD44 [38] . Other aspects of CD44 function may be controlled by its interaction with the cytoskeleton or the phosphorylation of the cytoplasmic domain, which depend upon isoform expression under different conditions.
Hyaluronan binding to chondrocyte CD44: phosphorylation
T h e cytoplasmic tail of CD44 has been found to have serine and threonine residues which can potentially serve as phosphorylation sites [39] . Phosphorylation was detected on CD44 immunoprecipitated from matrix-intact chondrocytes, but phosphorylation was reduced on CD44 from matrix-depleted chondrocytes. Addition of exogenous hyaluronan to Streptomyces hyaluronidase-treated chondrocytes restored CD44 phosphorylation [40] . Corroborating the flow cytometry data (Figures 2b and 2d) , the CD44 Western blot showed that there was no difference in the amount of CD44 immunoprecipitated from chondrocytes with or without Streptomyces hyaluronidase treatment.
Other studies have shown that the phosphorylation does influence the association of CD44 with the cytoskeleton. When these sites are phosphorylated in T lymphoma cells, the interaction of CD44 with the cytoskeleton, through ankyrin, is enhanced [41] . It was also found, in macrophages, that the phosphorylation of CD44 correlated with the non-association of CD44 with the cytoskeleton, whereas when CD44 is not phosphorylated, it was associated with the cytoskeleton [42] .
The cytoskeleton and chondrocyte pericellular matrix assembly
Modulating the association bekveen the cytoskeleton and CD44 might act as a way of altering the function of CD44. Three types of filaments are seen in the chondrocyte cytoskeleton: intermediate filaments, microtubules and actin [43] . These proteins help to give stability to the cells, organize the distribution of the cellular organelles and interact with the membrane proteins. The interaction of some membrane receptors with the cytoskeletal proteins sometimes brings about a change in the organization of the cytoskeleton upon ligand binding. Our results show that hyaluronan binding to chondrocytes up-regulates the phosphorylation of CD44, which could influence its interaction with cytoskeletal components [39, 44] . In addition to the retention of proteoglycans of the pericellular matrix to the plasma membrane, CD44-hyaluronan binding i 45
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may stabilize chondrocyte cell shape by the interaction of CD44 with the cortical cytoskeleton. Conversely, if cytoskeletal elements regulate CD44-hyaluronan binding, disruption of the cytoskeleton may perturb matrix retention. T o examine this hypothesis, matrix assembly was monitored on both embryonic chick chondrocytes and adult bovine articular chondrocytes in the presence or absence of cytochalasin [45] or latrunculin [46] . Treatment with these agents, which disrupt the actin cytoskeleton, reduced chondrocyte pericellular matrix assembly. Chondrocytes recovered and pericellular matrix assembly was observed after the washout of these agents. Latrunculin treatment did not reduce CD44 expression by bovine chondrocytes as monitored by flow cytometry. These results are in accord with previous studies in which cytochalasin treatment of bovine endothelial cells (which express CD44v10) reduced the capacity of these cells to bind hyaluronan [47] . Also of note is that in addition to the standard CD44 isoform, CD44v10 is expressed by bovine articular chondrocytes [ 141.
Hyaluronan-chondrocyte cytoskeleton: potential inside-out and outside-in signalling
Maintenance of the chondrocyte phenotype, as well as initial cartilage differentiation, may depend on the close association of the cell with its matrix as well as on cell shape as modulated by the actin cytoskeleton [48] . T h e spatial organization of CD44 at the cell surface, controlled via cytoskeletal interactions, may function to establish or regulate the structure of the pericellular matrix dependent on hyaluronan scaffolding for aggrecan. T h e interaction of CD44 with the cytoskeleton and the matrix allow us to speculate that both inside-out and outside-in communication patterns are occurring within the chondrocytes via CD44. Chondrocytes may exhibit metabolic and physical changes through the interaction with the matrix and may also bring about a change in the matrix, such as remodelling or repair. T h e interaction between CD44 and the cytoskeleton may bring about a change in the matrix. Besides artificial cytoskeletal disrupting agents, such as cytochalasins and latrunculins, natural agents such as nitric oxide have also been shown to inhibit actin polymerization [49] . Nitric oxide effects are significant because mediators of chondrocyte metabolism, such as interleukin-1, have been shown to induce nitric oxide [49, 50] . Interleukin-1 treatment of chondrocytes has been shown to increase chondrolysis, CD44 mRNA levels and hyaluronan binding and internalization [ 141.
In summary, it has long been known that in cartilage, the extracellular matrix exerts effects on chondrocyte cell shape, phenotype and metabolism. Conversely, chondrocyte cell shape changes exert effects on matrix organization, assembly and retention. Evidence now suggests that the transmembrane matrix receptor CD44 may be at the heart of many of these cell-matrix interactions.
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